We reasoned that the overrepresentation of certain orientations in visual cortex could bias the orientation V1 of higher mammals contains two-dimensional repredistribution of local inputs to cortical neurons based on sentations, or maps, for different stimulus features suthe neuron's location in the map of orientation preferperimposed on a continuous retinotopic map of visual ence. We hypothesized that the basin of short-range space. The geometry of several kinds of maps in V1 intracortical inputs to a cortical neuron is restricted to such as those for stimulus orientation, spatial frequency, the area surrounding the neuron's location in the orientaand ocular dominance (Hü bener et al., 1997) have now tion map and that the orientation specificity of local been described in detail. And yet, the functional signifiinputs is determined by the distribution of pixel orientacance of cortical maps for neuronal processing and for tions in this local area. Figure 2C 
Introduction
We reasoned that the overrepresentation of certain orientations in visual cortex could bias the orientation V1 of higher mammals contains two-dimensional repredistribution of local inputs to cortical neurons based on sentations, or maps, for different stimulus features suthe neuron's location in the map of orientation preferperimposed on a continuous retinotopic map of visual ence. We hypothesized that the basin of short-range space. The geometry of several kinds of maps in V1 intracortical inputs to a cortical neuron is restricted to such as those for stimulus orientation, spatial frequency, the area surrounding the neuron's location in the orientaand ocular dominance (Hü bener et al., 1997) have now tion map and that the orientation specificity of local been described in detail. And yet, the functional signifiinputs is determined by the distribution of pixel orientacance of cortical maps for neuronal processing and for tions in this local area. Figure 2C , which represents the visual perception remains unknown. orientation distribution of representative circular patches Orientation maps in V1, for instance, consist of neuobtained after imaging V1, shows that a larger cortical rons of similar orientation preference clustered together space devoted to cardinal orientations can constrain in domains that cover almost the entire cortical surface the distribution of oriented inputs within a local domain. We determined the orientation of each pixel based on the direction of the local grayscale gradient in a standard 9 pixel array from the arc tangent of the partial derivative of brightness in a 3 ϫ 3 kernel in the vertical direction divided by this value in the horizontal direction. The orientation magnitude was calculated from the square root of the sums of the squares of the partial derivatives of brightness in the vertical and horizontal directions (the results were collapsed to a 0Њ-180Њ scale to generate orientation histograms for the full image). To validate this technique, we performed three control experiments. (1) We constructed an image patch comprised of random noise, in which case each orientation was equally represented in the scene. (2) A circular patch subtending the rectangular image was drawn (circle diameter was equal to the minimum of rectangle height and width), and the orientation distribution was calculated for the original patch and for the same patch tilted at 45Њ. In this case, the orientation distribution of the tilted patch was shifted by 45Њ. (3) We compared orientation histograms using a 3 ϫ 3 pixel and a 5 ϫ 5 pixel kernel size, but the results were not influenced by the scale of the analysis. (C) Orientation histogram averaging 32 images which were randomly selected from a database containing digitized pictures of various natural environments.
V1 neuron is to adapt the cell to a stimulus of fixed compared to an oblique cell. Therefore, we hypothesized that altering the efficacy of local inputs through orientation: such adaptation affects a broad range of orientations by selectively reducing responses near the adaptation would induce larger changes in the orientation-specific responses of neurons tuned to oblique oriadapting orientation (Blakemore et al. we examined effects after relatively short (5 s) periods tuning for the entire population of cells (n ϭ 98). For each cell, we evaluated whether a shift in preferred orientation of adaptation. Figure 3A shows the tuning curves of representative neurons that demonstrate the meridional was significant (p Ͻ 0.05, Student's t test) based on a trial-by-trial comparison between control and adaptadifference in changes induced by short-term adaptation. Depending on each cell's optimal orientation, the popution conditions. We found that although the cardinal and oblique neuronal populations do not differ in terms of lation of neurons was divided into four subpopulations: "horizontal" population, 0Њ Ϯ 15Њ; "vertical" population, their strength of orientation tuning (p Ͼ 0.05, Student's t test, comparing the orientation selectivity index of neu-90Њ Ϯ 15Њ; and two "oblique" populations, 45Њ Ϯ 30Њ and 135Њ Ϯ 30Њ. After exposure to one orientation tilted with rons in the two populations), short-term adaptation does induce asymmetric changes in preferred orientation and respect to each cell's preferred orientation by ‫54ف‬Њ, the tuning curve profiles of cardinal and oblique neurons firing rate. Thus, for the ⌬ range at which the adaptation effects are maximal, i.e., between 0Њ and 45Њ, 74% of exhibit changes to different extents. Thus, whereas adaptation induces in each cell a repulsive shift in optimal the obliquely tuned neurons (21 of 28) showed significant shifts in orientation preference, compared to 23% orientation away from the adapting stimulus and a reduction of responses near the adapting orientation, of the neurons tuned to cardinal orientations (8 of 35). The mean shift magnitude histogram ( Figure 3B , left), large changes are observed only for the neurons tuned to oblique orientations. In contrast, neurons tuned to which was obtained by pooling each subpopulation into four ⌬ bins, shows that the shift in optimal orientation cardinal orientations exhibit much smaller changes in preferred orientation and firing rate. To characterize the is larger for the neurons tuned to oblique orientations for a broad range of ⌬ values (p Ͻ 0.05, Student's t meridional asymmetry of orientation adaptation, we determined quantitatively the relationship between ⌬ (the test, comparing changes in preferred orientation across oblique and cardinal subpopulations for the ⌬ ranges difference between a neuron's optimal orientation and that of the adapting stimulus) and changes in orientation of 0Њ-22.5Њ and 22.5Њ-45Њ).
In addition to the shift in orientation, adaptation re- 45Њ, the changes in preferred orientation and the depression in firing rate become smaller and the meridional asymmetry of adaptation is not statistically significant (p Ͼ 0.05, Student's t test). tuning width (Table 1) , estimated calculating the orientaTo test the generality of the meridional asymmetry of tion selectivity index, do not differ between the populaadaptation, we exposed V1 neurons to a longer duration tions of cardinal and oblique neurons (p Ͼ 0.05, Stuof the adapting stimulus (2 min), at which V1 neurons dent's t test, for OSI and firing rate comparisons exhibit stronger adaptation effects (Dragoi et al., 2000) .
between each pair of cardinal and oblique cell populaWe investigated the changes in the orientation selectivtions). ity of 71 neurons after adaptation within the ⌬ range
The data presented in Figure 3 is consistent with our of 0Њ-45Њ. In this case, we found that although 2 min of initial hypothesis that adaptation effects would be preadaptation yields larger shifts in orientation preference dicted from the local orientation distribution within an and larger reductions in neuronal responses compared area surrounding the recording site. However, the data to 5 s of adaptation, the physiological difference be Figure 4A ), recording at cortical depths beinstance, higher firing rates or narrower tuning bandtween 300 and 800 m. To understand the differences widths of cardinal neurons could possibly cause larger in the magnitude of changes induced by adaptation beshifts in orientation tuning. In order to examine the relatween cardinal and oblique neurons, we examined quantionship between the neuron's orientation preference titatively the relationship between the local orientation and (1) the preadaptation peak firing rate and (2) the distribution at the recording site and the degree of adaporientation tuning width, we recorded from 248 V1 neutation ( Figure 4B ). When the recording site is in the rons of various laminar location and found that the peak response at the optimal orientation and the orientation middle of a cardinal orientation domain, pixels within a 500 m radius have a preponderence of orientation V1 cell, the more pronounced the change in orientation tuning and firing rate. preferences similar to the recorded neuron, whereas when the recording site is in the middle of an oblique To determine whether cardinal recording sites are indeed characterized by higher orientation distribution indomain, neighboring pixels have a larger orientation spread. We quantified the orientation spread of pixels dex values, we examined the relationship between each pixel's preferred orientation and the corresponding ODI within a local area (500 m radius) by calculating an orientation distribution index (ODI), which is a measure for all the pixels in ten orientation maps obtained in the central visual field of V1 from ten animals. We pooled of the pixel orientation tuning strength (similar to the orientation selectivity index). Interestingly, the higher pixels based on their orientation preference in two groups, cardinal (0Њ and 90Њ) and oblique (45Њ and 135Њ), the ODI at the recording site, the lower the magnitude of the shift in preferred orientation and the change in and found ( Figure 4F, top) that the mean ODI of cardinal pixels is higher than the ODI of oblique pixels (0.398 Ϯ response magnitude. Figures 4B and 4C viewed gratings at cardinal ( ϭ 0Њ and ϭ 90Њ) and that the target orientation matched that of a test grating (orientation range Ϯ 15Њ) presented 100 ms after the oblique ( ϭ 45Њ and ϭ 135Њ) orientations presented foveally. We calculated how often the subjects reported offset of the adapting stimulus.
Figure 5B shows that adaptation induces repulsive reported an asymmetry in the magnitude of responses to oriented stimuli in V1 of humans that could possibly changes in orientation tuning which are asymmetric with explain perceptual-orientation anisotropies. We prorespect to the orientation axes. This figure presents data pose that a larger cortical representation for cardinal from three subjects who were naive to the purpose of orientations constrains the pooling and differentiation the experiment. Thus, when orientation tuning curves of neuronal signals from adjacent regions and thus unwere measured relative to the control condition, all subderlies greater orientation stability along the cardinal jects reported shifts in the orientation preference for the axes during adaptation. oblique gratings that were at least three times larger Our conclusions rely on the assumption that local than the shifts for cardinal orientations. It is possible intracortical connections are isotropic and that the conthat the larger changes observed at oblique orientations nectivity rules cortex. This arrangement gave a magnification of 75 pixels/mm. Data were collected using an imaging system (Optical Imaging). The camera signal was amplified by a video enhancement amplifier; a Electrophysiology baseline image was subtracted from each stimulus response image Single-unit extracellular recordings were made using tungsten miin analog form and then digitized by an 8 bit analog-to-digital concroelectrodes (1.5-2 M⍀ resistance) which were advanced through verter (Matrox) installed on a computer. Light from a 100 W tungstenthe cortex using a pulse motor microdrive (Narishige Scientific Inhalogen light source driven by a dc power supply (Kepco) was struments Lab). The signal was amplified using an 8 channel differpassed through a filter and used to illuminate the cortex. Initially, a ential amplifier (DataWave Technologies), thresholded using an amreference map of blood vessel pattern at the surface of the cortex plitude discriminator, displayed on an oscilloscope (Tektronix TDS was obtained by using light at 550 Ϯ 40 nm. The camera was then 210), and played over an audio monitor (Optimus). To ensure stable focused 400-500 m below the surface of the cortex and data was recordings, individual cells were isolated using a spike sort module collected using light at 610 nm. Frames were summed between 0.5 (DataWave Technologies, v. 5.0) that allowed the identification and and 3.5 s after stimulus onset, corresponding to the time of maxidiscrimination of waveforms based on their individual characterismum signal as determined previously (Grinvald et al., 1986 ). The tics. The module consists of sorting the waveforms into separate orientation gradient map was obtained by applying a two-dimenclusters, analyzing individual clusters, and replaying the separated sional gradient operator to the orientation preference map. For each waveforms according to their cluster number. Waveform discrimination was based on extracting up to eight different waveform paramepixel, the spatial gradient was given by √dx 2 ϩ dy 2 , where dx ϭ | xϩ1,y Ϫ x,y | and dy ϭ | x,yϩ1 Ϫ x,y | [ x,y is the preferred orientation ters, e.g., spike amplitude, spike width, peak time, and valley amplitude (allowing a maximum of 64 different combinations of waveform of pixel (x,y) in the composite map]. Values of dx and dy greater than 90Њ were subtracted from 180Њ, such that the maximum difference in parameters). We also ensured that the minimum spike height was at least three times the largest noise signal in each recording. We preferred orientation was 90Њ. We related the gradient value at the recording site to changes in the orientation tuning of neurons by recorded only single cells that had a minimum refractory period of 2 ms (determined using autocorrelation analysis). We recorded at calculating the local orientation gradient as the mean of gradient values in a 3 ϫ 3 pixel array centered at the penetration location. cortical depths between 300 and 1500 m from cells with initial orientation preferences covering the entire orientation range (be-
The gradient values were normalized for analysis. Data were analyzed using in-house programs written in Matlab. tween 0Њ and 180Њ). 
